Ammonia oxidation experiments were conducted at high pressure (30 bar and 100 bar) under oxidizing and stoichiometric conditions, respectively, and temperatures ranging from 450 to 925 K. The oxidation of ammonia was slow under stoichiometric conditions in the temperature range investigated.
Introduction
Ammonia is an important combustion intermediate in formation of nitric oxide from nitrogen organically bound in fuels. For most solid fuels, NH 3 is formed directly during devolatilization [1] , and it has also been reported as a product of gasication [2] . The selectivity for forming NO or N 2 from N-volatiles in combustion depends largely on the fate of amine radicals such as NH 2 , NH, and N [1, 3] . Ammonia is also known as an ecient additive for Selective Non-Catalytic Reduction of NO (SNCR) [3, 4] . Recently, ammonia has attracted interest as a potential carbon-free energy carrier [5] . Results on oxidation of NH 3 are available from ames [616] , shock tubes [1727] , and ow reactors [2, 2830] . In addition, a number of modeling studies and reviews of ammonia chemistry have been reported [3, 27, 28, 3135] . Supplementing the oxidation studies, extensive work has been conducted on the kinetics of the SNCR process [3, 4, 3638] .
With the interest in amine-based fuels as energy carriers [39] , reliable experimental data for oxidation of ammonia at high pressure become important.
1 High-temperature results at increased pressure are available from recent work in shock tubes and premixed ames. Mathieu and Petersen [27] measured the ignition time for ammonia diluted in Ar at 1.4, 11, and 30 bar, respectively, while Hayakawa et al. [15] determined the burning velocity of ammonia/air mixtures at pressures of 1-5 bar. However, studies of ammonia oxidation at low-to-medium temperatures and high pressure are scarce.
The purpose of the present study is to investigate ammonia oxidation at high pressure (30-100 bar) and temperatures up to 925 K. Experiments are conducted with stoichiometric and lean NH 3 /O 2 mixtures, highly diluted in N 2 , in a laminar ow reactor. The results are interpreted in terms of a detailed chemical kinetic model for ammonia oxidation. The reaction mechanism, which is based on earlier work on nitrogen chemistry [34, 38, 40, 41] , is updated in the present work, emphasizing reactions important at high pressure.
Under the present conditions, the nitroxide radical H 2 NO is an important intermediate, and the rate constant for the reaction between H 2 NO and O 2 has been derived from ab initio calculations.
Experimental
The experimental setup was a laboratory-scale high-pressure laminar ow reactor designed to approximate plug ow. The setup is described in detail elsewhere [42] and only a brief description is provided here. The system was used here for investigation of ammonia oxidation at 30 bar and 100 bar pressure, respectively, and temperatures from 450 to 925 K. The reactant gases were premixed before entering the reactor. The reactions took place in a tubular tube under laminar ow conditions. The tube was made of quartz 2 (inner diameter of 7.5 mm) or alumina (Degussit AL23, inner diameter 6 mm). The temperature prole in the ow reactor was measured by a thermocouple positioned in the void between the quartz reactor and the steel shell. Results for 100 bar are shown in Fig. 1 while the 30 bar proles are available as supplementary material. An isothermal reaction zone of [39] [40] [41] [42] [43] [44] [45] [46] [47] cm was achieved in the reactor. All gases used in the present experiments were high purity gases or mixtures with certied concentrations. The total ow rate was 2.8 L min −1 (STP). The product analysis was conducted with an on-line 6890N Agilent Gas Chromatograph (GC-TCD/FID from Agilent Technologies) and an AO2020 NH 3 /NO/NO 2 analyser from ABB. The relative measurement uncertainties for the species detected were in the range
±2-6%.

Chemical Kinetic Model
The starting mechanism and corresponding thermodynamic properties were drawn from the recent work by Klippenstein et al. [38] . The mechanism was carefully updated, emphasizing reactions of importance under the conditions of the present study. Table 1 lists the key reactions in the NH 3 oxidation scheme with the rate coecients used in the present work. The full mechanism is available as supplemental material.
At the high-pressure medium-temperature conditions of this work, ammonia oxidation occurs to a signicant extent through the H 2 NO intermediate. [55] . At these geometries (see Fig. 2 ), single-point energies were calculated at the UCCSD(T) level of theory with the aug-cc-pVTZ and aug-cc-pVQZ basis sets, using spin-restricted wavefunctions within the Molpro 2010 program [56] , and extrapolated to the complete Tables [62] , the thermochemistry is summarized within the NASA polynomial included in the supplemental information.
Reaction mechanism
The reactions of ammonia with the radical pool and O 2 involve hydrogen abstraction to form NH 2 . The rate constants for these steps, taken from the mechanism of Klippenstein et al. [38] , are mostly well established, but the values for NH 3 + HO 2 (R4) (estimated [3]) and NH 3 + O 2 (R5b) (ab initio calculation [47] ) are more uncertain.
The oxidation rate for ammonia and the products of reaction are largely determined by the fate of NH 2 . The NH 2 radical is mainly consumed by reaction with the HO 2 radical (R5b, R11-R13), which builds up in considerable concentrations under the present conditions, and with the stable species NO (R18, R19) and NO 2 (R20, R21 is a rough estimate [36] and k 30 was derived from QRRK calculations [33] .
Similarly to H 2 NO, HNO is mostly consumed by reaction with O 2 (R32);
also for this step we use a rate constant based on QRRK theory [33] .
Results and discussion
Experiments for NH 3 oxidation with high dilution in N 2 as a function of temperature from 450 K to 900 K were conducted under stoichiometric and oxidizing conditions. Table 2 lists the experimental conditions. The fuel-air equivalence ratio, dened from the overall reaction NH 3 + 1.
ranged from approximately 1.0 to 0.02. Simulations with the full temperature prole were conducted using the CHEMKIN PRO software package [69] . To investigate the impact of surface eects, these experiments were conducted in both an alumina and a quartz tube. Ammonia is known to decompose on quartz surfaces [7072] , and while surface eects are unimportant in SNCR for experiments carried out at low surface-to-volume ratios [36, 73] , it has been observed that induction times for oxidation of NH 3 in quartz reactors
were inuenced by heterogeneous eects [28] .
In the gure, the closed symbols indicate experimental results obtained in the quartz tube, while the open symbols denote results from the alumina tube. In the quartz tube, the onset temperature for reaction occurs at 850
K, compared to a value of 875 K observed in the alumina tube. The dierence can partly be attributed to the longer residence time in the quartz reactor, but it cannot be ruled out that some surface initiation takes place in the 8 quartz reactor, despite the high pressure.
Upon initiation, NH 3 is oxidized to N 2 (not quantied) and N 2 O; the concentrations of NO and NO 2 in the product gas were below detection limit.
Nitrous oxide is formed in signicant amounts, reaching 50 ppm in the alumina reactor and levels above 100 ppm in the quartz reactor at 900 K.
At 100 bar (Fig. 7) , reaction is initiated already at 800-825 K, partly due to the longer residence time, and NH 3 is fully oxidized at 875-900 K. The 
or via
followed by rapid dissociation of NNH (R33) or reaction with O 2 (R34).
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The reaction NH 2 + NO 2 = N 2 O + H 2 O (R20) is the main source of N 2 O at both 30 bar and 100 bar oxidizing conditions. A minor route for consumption of NH 2 is the recombination reaction to form hydrazine, Figure 9 shows the results of a sensitivity analysis for oxidizing conditions at 30 and 100 bar. The coecients were obtained by varying A-factors for all reactions by a factor of two. Reactions of NH 2 with NO and NO 2 are important for the oxidation rate. For both reactions a chain propagating / branching product channel,
competes with a chain terminating channel,
All these steps show up in the sensitivity analysis with large positive (branching) or negative (terminating) coecients.
Other important reactions which accelerate ammonia consumption are,
The reaction H 2 NO + O 2 (R29) has the largest positive sensitivity coecients. H 2 NO is a signicant intermediate species as shown in the reaction path analysis and (R29) is favored by the excess of O 2 in oxidizing conditions. It yields HO 2 radicals, which is converted to the more reactive OH radical by NH 2 + HO 2 (R11).
The following chain terminating steps inhibit the ammonia consumption,
Reactions (R28) and (R31) are minor consumption channels for H 2 NO, compared to H 2 NO + O 2 (R29), but suciently important to show up in the sensitivity analysis. Similarly, NH 2 + NH 2 (+M) is a minor sink for NH 2 , but it is strongly chain terminating.
The results show that to develop a reliable reaction mechanism for NH 3 oxidation at the present conditions, it is desirable to obtain more accurate rate constants for several reactions in the H 2 NO subset.
Conclusions
Ammonia oxidation experiments were conducted at high pressure (30 bar and 100 bar) and temperatures of 450-900 K in oxidizing and stoichiometric conditions. The data were interpreted in terms of a detailed chemical kinetic model, developed for high-pressure conditions. As part of the work, the rate constant for the reaction of H 2 NO + O 2 was calculated from ab initio theory.
The oxidation of ammonia was slow under stoichiometric conditions in the temperature range investigated. Under oxidizing conditions the onset temperature for reaction was 850-875 K at 30 bar, while at 100 bar it was about 800 K, with complete consumption of NH 3 at 875 K. The products of reaction were N 2 and N 2 O, while NO and NO 2 concentrations were below the detection limit even under oxidizing conditions.
The agreement between experimental results and modelling work was satisfactory. The main oxidation path for NH 3 under the present conditions was 
